Abstract-In this paper, we design complementary codesets that significantly improve the quality of channel estimation in orthogonal frequency division multiplexing (OFDM) communication systems, with a focus on the recent MB-OFDM ultrawideband (UWB) standard. The proposed time-domain OFDM channel estimation technique incurs only a nominal increase in computational complexity and is able to be readily retrofitted into the existing MB-OFDM standard. The underlying complementary codesets, found via an evolutionary algorithm, combine with the existing preamble synchronization sequences to yield asymptotically ideal auto-correlation functions (ACFs). We show how improvements exceeding 1 dB can be achieved in end-to-end packet error rate relative to conventional zero-forcing OFDM equalization.
I. INTRODUCTION
Coherent signalling over frequency-selective channels requires that the receiver estimate and equalize the channel prior to demodulation. To that end, one of the most significant advantages of orthogonal frequency division multiplexing (OFDM) systems [1] , typified by the block diagram of Fig.  1 , is that the highlighted channel estimation and equalization stage is conceptually and computationally simple. Since this allows an OFDM transceiver to be both low-power and lowcost, OFDM systems are becoming increasingly popular in applications ranging from wireless personal area networks (WPANs) to digital television.
The simplest OFDM channel estimation is a zero-forcing (ZF) approximation of N complex coefficients to rotate and scale each of the N subcarriers in the received OFDM symbol. Such channel estimation is most commonly performed using an explicit training sequence known to both sender and receiver. Although blind estimation [2] techniques exist, longer convergence times make them more appropriate for channel tracking than for initial channel estimation.
Most OFDM channel estimation sequences possess a flat power-spectral density so that each subcarrier can be estimated to the same accuracy. For example, in multi-band OFDM (MB-OFDM) [3] , the channel estimation sequence is obtained by taking the inverse fast fourier transform (IFFT) of N equalmagnitude random quadrature phase shift keying (QPSK) symbol constellations. This allows the receiver to perform a ZF frequency-domain equalization (FDE) techniques, ZF FDE is guaranteed to converge and is low in computational complexity.
In this paper, we present an alternative estimation and equalization scheme that reuses the correlation of the synchronization sequence. In other words, we derive a channel estimation sequence that, while possessing a non-ideal autocorrelation function (ACF) in-and-of-itself, can be combined with an existing preamble synchronization sequence to create a complementary codeset with an asymptotically ideal ACF. As the receiver hardware must already implement a correlator for packet detection, this approach to channel estimation requires only nominal additional logic. Once the estimate of the channel impulse response (CIR) has been obtained, the equalization can be performed using an existing ZF equalizer by taking the FFT of the CIR estimate.
This approach to OFDM channel estimation mandates the use a complementary codeset since there are no individual finite-length sequences that have an impulse ACF with an acceptable peak-to-average power ratio (PAPR). In previous work, evolutionary algorithms (EAs), also referred to as genetic algorithms (GAs), have proven effective in optimizing arbitrary criteria [4] . For example, EAs have been used to find OFDM synchronization sequences with minimal ACF sidelobes [5] . In this paper, we use an EA to find a channel estimation sequence that is complementary to an existing preamble synchronization sequence.
Although this work is relevant to many OFDM systems, including IEEE 802.11a and 802.11g, we focus on MB-OFDM, the first ultra-wideband (UWB) technology to obtain international standardization [6] . MB-OFDM is representative of contemporary OFDM wireless systems in that it supports several data rates. This flexibility allows communication over separations of less than 10 cm to well over 10 m and leads to significant variation in channel conditions. With longer UWB channels susceptible to significant frequency-selective fading, it is necessary that the channel estimation is robust and accurate. At the same time, given that an MB-OFDM receiver operates at at least 528MSPS, the total computational complexity must be kept to an absolute minimum in order for cost-effective digital hardware to be realizable.
In recognition of the variety of UWB channel conditions, the IEEE 802.15.3a working group defined 4 UWB channel models [7] , denoted as CM1 through CM4, to model lineof-sight (LOS) and non-line-of-sight (NLOS) environments possessing average RMS delay spreads of 5 ns to 25 ns. These channel models all use a parameterized Salem-Venezuela (S-V) model. In this paper, we use these channel models to show how the proposed equalization is effective in both short and long LOS and NLOS channels.
We begin by describing how we will use complementary codesets for channel estimation in Section II. Then, in Section III, we present an EA that, based on a predefined preamble synchronization sequence, searches for a complementary channel estimation sequence with a given PAPR. The results of Section IV then quantify end-to-end packet error rate (PER) and give an example of several high-performing channel estimation sequences appropriate for MB-OFDM. Finally, we present our conclusions in Section V.
II. COMPLEMENTARY CODESETS
Consider the 30 symbol MB-OFDM preamble shown in Fig.  2 . The first 24 symbols are based on a 128 chip synchronization sequence s(n). The receiver uses the auto-correlation of this sequence for frame detection and symbol synchronization as well as potentially frequency and sampling offset estimation. Immediately following this, the next 6 symbols are based on a 128 chip channel estimation sequence e(n). Also shown in a 24 chip cover sequence ck. This cover sequence has no impact on the ACF and is used only to delineate the synchronization and channel estimation stages of the preamble. Note that, depending on the selected time-frequency code (TFC), there may be frequency hopping. This is of little impact on the channel estimation presented in this paper since it is assumed that each sub-band is estimated independently.
We denote the ACF of the original synchronization sequence, obtained from the MB-OFDM standard [6] , as q, (n) and the ACF of our a new ideal complementary channel estimation sequence as 0ee(n). Our objective is therefore to e obtain a channel estimation sequence such that ss 5 (n) + oe,e(n2)=2 (n) (1) where 0(n) denotes an impulse function where d(0) = 1 and 0(n) = 0 for n :t 0. We can rearrange (1) to conclude that ideal channel estimation sequence must have an ACF 0,ee(n) = -0,(n) for n > 0.
MB-OFDM is different from many other OFDM systems in that it uses a 37 sample zero-pad (ZP) rather than the more conventional cyclic prefix (CP). In addition, the frequency hopping used by some TFCs can potentially completely eliminate inter-block interference (IBI). For both these reasons, it is necessary to base all ACFs on linear convolution instead of circular convolution. Although we do not explicitly consider systems other than MB-OFDM, we note that using a CP will require modification to (2) .
Using linear convolution, we denote the ACF of the soughtafter channel estimation sequence as
Since the nth tap of this ACF is the sum of N -n coefficients, it is necessary to limit evaluation of the fitness of the ACF to a region-of-interest (ROI) of 0 < n < L, where L denotes channel maximum delay spread. It is important that L << N, such as L = 64 in a N = 128 MB-OFDM system, so that there are sufficient degrees of freedom in the code-space.
To balance computational complexity against performance, we restrict the candidate channel estimation sequences to being real-valued at the transmitter and binary at the receiver. In other words, we can denote the ACF of practical sequences as
Although this simplification has negligible impact on performance, it significantly reduces complexity since the N multiplications used in the receiver correlation can be simplified to N additions/subtractions. Fig. 3 shows the relevant normalized ACFs for TFC 1 of the MB-OFDM standard. Note that the ACF at n = 0 is not shown since the normalization forces it to 1. In this figure, the maximum channel delay was set to L = 64. We can see that the practical ACF, obtained using the EA of Section III, is almost ideal when n < L and totally useless when n > L. Since an OFDM system assumes that the majority of channel energy arrives within the ZP or CP, lest IBI cripple performance, this causes little or no loss so long as L exceeds the ZP or CP. We conclude from Fig. 3 Fig. 3 . Comparison of auto-correlations 0,(n),) 4ee(n) and 6ee(n). Alg. 1 Evolutionary Algorithm. 1) Generate initial population of P sequences of length N.
2) Calculate the scaled fitness Fp of each sequence.
3) With probability of selection proportional to relative fitness, select P sequences for the next generation. 4) For all chips in all selected sequences, apply a probability of mutation of a. 5) Iterate through Step 2 until termination condition. (n) o6p6e (0) To help the population retain sufficient diversity to avoid local minima, we employ fitness sharing [9] . Fitness (7) of the estimation sequence must not exceed the capability of the transceiver. The EA considers this limit by repeating the mutation until the PAPRs of all sequences are within the limit PAPRMAX=10. We contend that this value is reasonable for two reasons. First is because the OFDM data symbols have a higher worst-case PAPR of N = 128. Second is due to ease with which transmitter non-linearities can be mitigated through pre-distortion of the channel estimation sequence.
To help our search for real-valued sequences avoid localminima, we define two distinct phases of mutation. The first phase limits the sequences e(Tm) to {+1, 1 } and defines mutation as the inversion of the relevant chips. This phase ends when the best chromosome in the population has been stable for several generations. In the second phase, the binary restriction on the transmitted sequence is relaxed in accordance with (3) . During this phase, each mutated chip is selected from a Gaussian distribution with unity variance. The mutation for each sequence is repeated until the PAPR of the sequence is less than PAPRMAX. Fig. 4 shows how the MSE, defined as min F improves VP p with each generation. For all results in this paper, the population size is P = 100 and the chip mutation probability is a = 0.01. The fitness sharing is parameterized with or = 20 and = 4. The termination condition is that the MSE is less than -45 dB. This condition was selected so that the error resultant from the non-ideal ACF is less than the receiver's thermal noise.
IV. RESULTS The MB-OFDM standard defines seven synchronization sequences such that each TFC has a unique preamble. In this section, we provide seven channel estimation sequences that are complementary to their respective synchronization sequences. We also quantify the potential PER improvements that can be achieved by employing this approach to channel estimation.
A. ACF Region-of-Interest
It is important that the ACF ROI L is appropriate for the expected channel delay spread. If L is too small, the ACF of (1) will have significant sidelobes at noticeable delays and will introduce error into the channel estimation. Conversely, if L is too large, the accuracy of dominant lower taps of the ACF will be degraded in favor of reducing fringe sidelobes that will never be encountered. We must therefore find an L for which the error due to the non-ideal channel estimation sequence is balanced with the energy lost due to truncation of the CIR.
To determine L, Fig. 5 Fig. 7 and Fig. 8 show the PER of the proposed equalization scheme for low and high rates respectively in CM1. Fig. 9 and Fig. 10 Future work will develop a multi-objective evolutionary algorithm that aims to derive entirely new synchronization and estimation sequences that offer an optimal balance between ACF, cross-correlation function, PAPR and quality of channel estimation.
